Abstract Studies of the effects of drugs of abuse on HIV immune status, disease progression, and neuroAIDS have produced conflicting data and have not definitively shown whether this combination promotes cognitive impairment or disease progression. Using a consistent SIV-macaque model, we investigated the effects of cocaine on behavior, virologic parameters, and CNS inflammation. Macaques received either vehicle or chronic administration of behaviorally active doses of cocaine (1.7 or 3.2 mg/kg/day). Chronic cocaine administration reduced CD8+ T cell counts during acute and late stage infection but had no effect on CD4+ T cell counts. Low-dose cocaine-treated animals had lower CSF vRNA levels late in infection, but cocaine did not alter plasma viral load or vRNA or protein in brain. There were no differences in CSF CCL-2 or interleukin (IL)-6 levels or severity of encephalitis in cocaine-treated as compared to vehicle-treated macaques. There were no differences in brain inflammation or neurodegeneration markers, as determined by interferon (IFN)-β, MxA, CCL2, IL-6, TNFα, IFNγ, and indolamine 2,3-deoxygenase mRNA levels. APP levels also were not altered. The executive function of inhibitory control was not impaired in cocaine-treated or control animals following SIV infection. However, animals receiving 3.2 mg/kg/day cocaine performed more slowly in a bimanual motor test. Thus, chronic administration of cocaine produced only minor changes in behavior, encephalitis severity, CNS inflammation/neurodegeneration, and virus replication in SIV-infected pigtailed macaques, suggesting that cocaine would have only modest effects on the progression of neuroAIDS in HIV-infected individuals.
Introduction
Rates of cocaine use in the USA continue to be high, with significant rates of illicit drug use among people living with HIV (Hughes et al. 2008; Korthuis et al. 2008) . Injection drug use substantially contributes to the HIV epidemic in the USA (Centers for Disease Control and Prevention 2002) . Use of illicit drugs, including cocaine, is associated with increased risks of HIV sexual risk behaviors (Neblett et al. 2011) .
Studies of the potential effects of drugs of abuse on HIV immune status, disease progression, and cognitive or other central nervous system (CNS) effects have produced conflicting data. Studies indicate that cocaine use affects treatment, as HIV-positive persons who use cocaine seek treatment for disease later in the disease course compared to those who do not use cocaine (Brewer et al. 2007; Tobias et al. 2007) . Further, injection drug use or crack cocaine use often complicates treatment of HIV/AIDS, with reduced medication adherence (Chander et al. 2006; Peretti-Watel et al. 2006; Rodriguez-Arenas et al. 2006; Baum et al. 2009 ). While seeking treatment later in disease course and low levels of adherence are associated with increased mortality, studies of HIV-infected individuals on highly active antiretroviral therapy (HAART) who use crack cocaine have not been conclusive in demonstrating a direct effect of the drug on disease progression or death related to HIV infection. A recent study of a large national cohort of HIVinfected women on HAART found that use of crack cocaine independently predicts AIDS-related mortality, immunologic and virologic markers of HIV-1 disease progression, and development of AIDS-defining illnesses (Cook et al. 2008) . One early study showed more rapid progression to AIDS and earlier death in injection drug users with HIV (Drucker 1986) . Another study showed more rapid declines in CD4+ lymphocytes in HIV-infected cocaine users as compared to HIV-infected individuals that did not use cocaine (Siddiqui et al. 1993 ). However, several other studies did not find an increase in progression to disease in cocaine users or injection drug users (Chaisson et al. 1989 (Chaisson et al. , 1992 (Chaisson et al. , 1997 Selnes et al. 1992 Selnes et al. , 1997 Di Franco et al. 1996) . It is difficult to directly implicate cocaine in worsening disease course, as illicit drug use is frequently associated with other processes such as greater sexual risk taking and poorer nutrition that might contribute to these associations.
Neuropsychological studies have consistently found that cocaine abusers have reduced performance on tasks measuring attention, executive function, visuo-spatial abilities, psychomotor speed, and fine motor control (Rogers and Robbins 2001; Jovanovski et al. 2005; Lundqvist 2005) . While HIV mortality has decreased as a result of antiretroviral use, HIV-associated neurocognitive disorders continue to be an issue for people living with HIV (Tozzi et al. 2001; Langford et al. 2006; Kumar et al. 2007 ). Both cocaine abuse and HIV/AIDS may produce similar cognitive deficits. Given the similarity of the neuropsychological effects of HIV/AIDS and cocaine abuse, it is tempting to assume that the combination of HIV/AIDS and cocaine use would lead to further cognitive impairment; however, the evidence thus far remains equivocal. Much of the problem lies in the inherent difficulties of studying human populations of drug users. These include difficulty in establishing the duration of cocaine use, the amount and formulation of cocaine consumed, the route of administration, and the concurrent use of other drugs and/or alcohol.
Preclinical models can control for these confounders and isolate the effects of a single drug of abuse on disease progression. The SIV-macaque model offers a platform to study both physiologic and behavioral effects of cocaine use in the context of retroviral infection. Additionally, our SIV-infected macaque model offers a method to determine neurocognitive changes and neurodegenerative processes without confounding factors such as differences in antiretroviral drug regimens, the use of other recreational drugs, nutritional status, and other factors.
In this study, using two doses of cocaine that effect acute behavioral changes and model moderate cocaine use in humans, we did not observe significant differences in most virological, immunological, neuroinflammatory, or neurocognitive functions between SIV-infected macaques when administering cocaine at chronic dosing compared to controls.
Materials/methods
Animal experiments Two cohorts of nine juvenile pigtailed macaques (Macaca nemestrina) were used as subjects (15 males, 3 females). Each cohort included three vehicleinjected controls and six cocaine-administered monkeys at the outset. One monkey in cohort II died prior to receiving cocaine or SIV, leaving the second cohort with three controls and five cocaine-treated monkeys. Monkeys were treated with cocaine administered intramuscularly (i.m.) at doses of 1.7 mg/kg/day (cohort I) or 3.2 mg/kg/day (cohort II). Experiments used to arrive at those doses are described below. All macaques were intravenously inoculated with SIV/ DeltaB670 (50 AID 50 ) (Zink et al. 1999 ). Blood and cerebrospinal fluid (CSF) samples were collected under restraint with 15-20 mg/kg of ketamine on days 14 and 28 p.i. and every 28 days thereafter, for hematological analysis, quantitation of viral RNA (vRNA), and quantitation of monocyte chemoattractant protein (CCL2) and interleukin (IL)-6 by ELISA (Zink et al. 1999) . For analysis of changes in viral load, two-way repeated-measures ANOVAs were performed on days 14, 28, 56, 84, and 112 with missing values filled with their respective group means prior to the ANOVA.
Euthanasia criteria were similar to those previously published and included a loss of body weight >15% of pre-infection weight, failure to eat or drink, reduction in locomotor activity >80% of pre-infection baseline, or neurological/clinical signs of AIDS diagnosed by veterinary staff (Weed et al. 2003 (Weed et al. , 2004 . At euthanasia, macaques were perfused with sterile saline to remove blood from the vasculature prior to sampling organs and tissues.
CNS samples were collected as described previously (Zink et al. 2001; Mankowski et al. 2002a ). Brain tissue was also used from seven pigtailed macaques that had no behavioral training and were not inoculated with SIV. CNS sections were examined microscopically in a blinded fashion by two pathologists and lesion severity was measured using a semiquantitative system, as described elsewhere (Zink et al. 1999) .
Animal care was performed according to Public Health Service Policy on the Humane Care and Use of Laboratory Animals, and the protocol was approved by the Institutional Animal Care and Use Committee of the Johns Hopkins University and in accordance with the recommendations of the Weatherall Report.
Cocaine administration Cocaine HCl was obtained from the National Institute on Drug Abuse and dissolved in saline. To determine behaviorally active doses of cocaine for chronic use, cohort I was administered cocaine i.m. daily Monday to Friday at 9 a.m., 30 min prior to testing on the choice reaction time (CRT) procedure described below. Once response on the CRT task was stable, doses of cocaine were administered prior to CRT sessions to determine behaviorally active doses. On weekends there was no behavioral testing, but injections were given between 9 and 11 a.m. Cocaine doses escalated after 1 week of exposure in a mixed order: 0.1, 1.0, 1.7, 0.56, and 3.2 mg/kg in 1 ml/kg volume. The dose-response function was completed when a dose was found that suppressed responding at least once in at least half of the animals. In chronic dosing, cohort I received a 1.7-mg/kg/day dose (3 p.m. Monday-Friday), after all behavioral testing. Cohort II received similar escalating doses and chronic dosing proceeded with 3.2 mg/kg/day. Both cohorts received 12 weeks of cocaine administration prior to inoculation with SIV. All vehicle-injected monkeys received the same volume of normal saline on the same injection schedule.
Telemetry procedures The monkeys were implanted with radiotelemetry transmitters (TA-D70), and cages were equipped with antenna plates (Receiver plate RLA 2000; Data Sciences International, St. Paul, MN, USA) that transmitted body temperature and locomotor activity as previously described (Horn et al. 1998; Weed and Hienz 2006) . Using aseptic surgical techniques in anesthetized animals, the transmitters were placed in the interperitoneal (i.p.) cavity, secured to the right anterior abdominal wall. Due to surgical complications following the initial i.p. placements, transmitters were placed subcutaneously (s.c.) in three monkeys. For the s.c. placements, the transmitter was placed on the right side of the monkey's back 5 cm above the pelvic bones (Horn et al. 1998; Weed and Hienz 2006) . No significant differences in the patterns of activity and temperature data were observed between subjects with i.p. and s.c. transmitter placements (data not shown). Data collection and analysis were as previously described (Horn et al. 1998; Weed and Hienz 2006) .
There were four transmitter failures that led to the loss of activity and temperature data in monkeys 634, P009, P007, and P003. Three of these monkeys (P009, P007, and P003) were fit with collars from Primate Products (Immokalee, FL, USA) and Actical activity monitors from Minimitter/ Respironics (Bend, OR, USA) to measure activity. Previous studies with both telemetric activity measurement and collar-mounted activity measurement have shown activity to decline systematically following SIV infection in a nearly identical fashion (Weed et al. 2003 (Weed et al. , 2004 .
The acute effects of cocaine on activity and body temperature were analyzed using weekend data when cocaine was administered but when there were no behavioral tests conducted. Baseline locomotor activity varied substantially between animals and therefore activity was normalized to each individual animal's mean. Body temperatures did not vary to a similar extent and were analyzed without transformation. A peak-effects analysis was used to control for individual differences in pharmacokinetics (Weed and Hienz 2006) . The highest value in the first 4 h was used in the analysis of both activity and temperature.
Activity and temperature data following SIV infection were analyzed in terms of the sum total activity and mean body temperature for each day (Weed et al. 2003 (Weed et al. , 2004 . Pre-infection baseline periods of 2 weeks were compared to both the initial viremic period (days 1-14 after SIV inoculation) and the last 2 weeks prior to euthanasia ("terminal period").
Quantitation of viral load Viral load in CSF, plasma, and brain tissue were measured by real-time reverse transcription polymerase chain reaction (RT-PCR) as described (Zink et al. 1999 (Zink et al. , 2001 ).
Quantitation of CCL2 and IL-6 Plasma and CSF samples were centrifuged to remove cells then frozen in aliquots at −80°C until analysis. Levels of IL-6 in CSF and CCL2 in CSF and plasma were measured by ELISA (R&D Systems, Minneapolis, MN, USA).
Immunohistochemical staining and histopathology Identification of amyloid precursor protein (APP) accumulation in axons, detection of viral protein kk41, and viral load in brain were as previously reported (Weed and Steward 2005) .
CRT and simple reaction time (SRT) The CRT response panels included three primate response keys (BRS/LVE; Laurel, MD, USA) each of which could be transilluminated by red-yellow-white tri-color cue lights. The response keys were mounted 12 cm above the lever, LEDs and food hopper used in the SRT task. The SRT task has been described previously (Weed et al. 2003) . Briefly, monkeys held a lever 1-5 s prior to a release stimulus. "Catch trials" were included where no release stimulus was presented to decrease timing behavior. The initial sequence of stimuli and responses for the CRT were identical to those of the SRT up to the point of lever release (including catch trials). In the CRT, release of the lever within the 1.5 s response window resulted in the illumination of the three response keys, each lit one of the three colors. Pressing the response key that was lit with the same color as the release stimulus within 1.5 s resulted in reinforcer delivery. Failing to press or pressing either key lit with a different color resulted in a 4 s timeout without reinforcement. The positions of the colors on the response keys varied pseudorandomly across trials. Sessions lasted 1 h and were performed at approximately 9 a.m. each morning, Monday to Friday.
In the CRT and SRT procedures, the data collected were (1) median reaction times, (2) percent false alarms, (3) total trials completed each session, and (4) accuracy (CRT, percent correct trials; SRT, percent correct lever releases). In the CRT procedure, median latency to touch the key (touch latency) was also assessed. Baseline performances were defined as stable when: (1) the percentage correct responses were ≥80% in a session, (2) the false alarm rates were <30%, and (3) there were no systematic changes in these measures across 1 week. Performance during the 2 weeks immediately prior to inoculation was used as each individual animal's pre-infection level of performance. Monkeys in cohort II were not trained on the CRT procedure.
Bimanual motor skills task Monkeys were trained to perform a bimanual motor task as described previously (Weed et al. 2003) . Custom banana-flavored "Softies" (Bioserv, Frenchtown, NJ, USA) were used as reinforcers for the task.
Behavioral data analysis Means of behavioral performance (i.e., latency, accuracy) for a given time period were constructed and analyzed with a one-way repeatedmeasures ANOVA followed by post hoc comparisons using the Tukey-Kramer test where appropriate. Latency and accuracy data were also analyzed using both individual comparisons to baseline performance and with two-way repeated-measures ANOVA of group data. ANOVAs were followed by post hoc comparisons using the Tukey-Kramer (one-way) or Bonferroni post tests (two-way) where appropriate.
Data analysis of ex vivo measures For measures with preand post-infection comparisons, data were analyzed using either one-way ANOVAs on change scores or two-way repeated-measures ANOVAs (within factor of time and between factor of cocaine treatment). For data with several measures taken post-infection (i.e., viral load, cytokine levels, etc.), repeated-measures ANOVAs were performed. All ANOVAs with significant main effects (p<0.05) were followed by post hoc comparisons using Bonferroni posttests (two-way, corrected for number of comparisons) where appropriate.
If a given dataset was not appropriate for parametric analyses (i.e., CNS pathology scores), nonparametric analyses were used to compare groups. In this case, the Kruskal-Wallis was used to determine differences between groups.
The overall design of the experiment assumes no differences between cohorts in the effects of the SIV/ DeltaB670 inoculation. If it became apparent that control monkeys from cohort I were likely to differ from control monkeys from cohort II, further statistical procedures were undertaken to clarify interpretation of these results. Additional ANOVAs with the animals grouped by cohorts, and t tests for subgroups with the cohorts were used to ensure that the central hypothesis (i.e., that cocaine exacerbated the effects of SIV disease on a given measure) could be meaningfully tested (i.e., control monkeys for cohort I may be compared to cocaine-treated monkeys in cohort I with a t test). In the case of multiple t tests on a given dataset, significance levels were adjusted to control for multiple comparisons within that dataset.
Comparisons between in vivo and ex vivo measures The average behavioral performances from the week prior to euthanasia were compared to terminal measures of viral and cellular alterations using a simple correlation. Significance levels were adjusted for the number of comparisons for each behavioral variable and significant results are presented in terms of the associated r, r 2 , and p values.
Statistical analysis software One-way and two-way ANOVAs were performed in GraphPad Prism version 4.00 for Macinosh, GraphPad Software, San Diego, CA, USA additional post-tests in two-way ANOVAs were performed online at www.graphpad.com. Two-way repeated-measures ANOVAs were performed in GB-Stat, Dynamic Microsystems, Inc. (Silver Spring, MD, USA).
Results

Selection of cocaine doses
The doses of cocaine that were used are roughly equivalent to a 70-kg human inhaling 100-150 mg of powdered cocaine (for animals receiving 1.7 mg/kg/day) or 200-250 mg of cocaine (for animals receiving 3.2 mg/kg/day) on a daily basis. Pre-infection results confirmed that administration of both 1.7 and 3.2 mg/kg/day affected CRT assay performance, significantly reducing the number of trials performed compared to controls (p=0.026 and p= 0.002 for doses of 1.7 and 3.2 mg/kg/day, respectively). Cocaine at a dose of 3.2 mg/kg/day also significantly reduced release latencies (p=0.041), but not accuracy or touch latency in the CRT task, indicating that there was no effect of cocaine on the choice component of the CRT task.
Cocaine increased locomotor activity 1-4 h following administration for animals receiving 3.2 mg/kg/day (p= 0.004). Acute cocaine at 1.7 and 3.2 mg/kg/day produced a hyperthermic effect over at least 1-4 h (p=0.001 and p= 0.001, respectively). However, cocaine's effects were small enough and short-lived enough not to alter the daily mean temperature at 1.7 or 3.2 mg/kg/day (data not shown). Therefore, based on these results, 1.7 and 3.2 mg/kg/day doses were chosen for use in cohorts I and II, respectively. There were no effects of cocaine administration on mean body weight or clinical observations of food consumption during pre-infection cocaine exposure (data not shown).
Cocaine did not alter CD4+ T cell counts and reduced CD8+ inconsistently
Cocaine administered at doses of 1.7 and 3.2 mg/kg/day did not affect CD4+ T cell counts in peripheral blood at any time during infection as compared to macaques treated with vehicle (Fig. 1a) . Macaques dosed with cocaine at 3.2 mg/ kg/day had significantly lower CD8+ T cell counts at day 14 p.i. compared to animals treated with vehicle only (Fig. 1b; p=0 .030) and a strong trend for lower CD8+ T cell counts at 84 days p.i. (p=0.057) Cocaine altered CSF viral load but had no effect on plasma vRNA or virus in brain Plasma vRNA increased throughout the first 112 days of SIV infection in all groups (Fig. 2a) with no difference between any of the groups. CSF vRNA increased rapidly during the first 2 weeks of infection and then stabilized at 10 7 -10 8 copy eq./mL for macaques treated with 3.2 mg/kg/ day cocaine and vehicle and at 10 5 -10 6 copy eq./mL for macaques treated with 1.7 mg/kg/day cocaine (Fig. 2b) . At day 84 p.i., macaques dosed with 3.2 mg/kg/day cocaine had significantly higher CSF vRNA (p<0.044) and macaques dosed with 1.7 mg/kg/day cocaine had significantly lower CSF vRNA (p<0.044) than vehicle controls. At day 112 p.i., macaques dosed with 1.7 mg/kg/day cocaine again had significantly lower CSF vRNA than vehicle controls (p<0.030). There were no significant differences in the levels of SIV RNA or viral gp41 protein in the basal ganglia between any of the three groups of macaques (Fig. 2c, d ).
Cocaine did not affect levels of CCL2 and IL-6 in CSF CCL2 and IL-6 levels in CSF are excellent markers of SIV and HIV CNS disease and levels of both moieties are much higher in individuals with encephalitis (Zink et al. 2001; Mankowski et al. 2004) . CSF levels of CCL2 and IL-6 were measured monthly throughout infection in all macaques. There were no significant differences in the levels of either cytokine between any of the three groups of macaques (Fig. 3) . Day 140 p.i. was the last date at which the three groups could be compared, as at later time points there were only one or two macaques per group remaining alive.
Cocaine did not alter expression of markers of CNS inflammation or neurodegeneration mRNA levels for interferon (IFN)-β, myxovirus resistance protein A (MxA), CCL2, IL-6, TNFα, IFNγ, and indolamine 2,3-deoxygenase (IDO) were quantitated in the brains (basal ganglia) of all macaques by real-time RT-PCR. There were no significant differences in levels of mRNA for any of these inflammatory markers in the brains of macaques treated with cocaine as compared to controls or between different doses of cocaine (data not shown). APP, a marker of axonal degeneration that is elevated in macaques with SIV encephalitis (Mankowski et al. 2002b) , was quantitated in the corpus callosum and there were no significant differences between groups (data not shown).
Effects of cocaine on survival and severity of encephalitis
No animal in the 3.2 mg/kg group survived past 24 weeks (Fig. 4) . In contrast, there were one to two long-term survivors in the groups treated with vehicle and 1.7 mg/kg/ day cocaine. This suggests a trend towards decreased survival among animals treated with cocaine at a dose of 3.2 mg/kg/day as compared to untreated animals or those treated with 1.7 mg/kg/day cocaine. However, these comparisons did not reach significance using this number of macaques per group and the study was not powered to detect differences in survival.
There were no differences in the severity of pathological changes in the CNS among macaques receiving cocaine as compared to control animals (Fig. 5) . This is not surprising given that development of clinical signs of CNS disease was a commonly observed criterion for euthanasia.
Cocaine did not impair SRT performance in SIV-infected macaques
We previously determined that administration of 1.7 mg/kg/ day of cocaine did not significantly affect accuracy of psychomotor speed in the CRT test in SIV-infected macaques (data not shown). Because the CRT test involved a longer training period, macaques in cohort II were not trained in CRT-only SRT was used. SIV infection significantly impaired SRT performance, with decreases in the number of trials performed per session at terminal infection as compared to the baseline (pre-inoculation) period ( Fig. 6a; p=0.002) . However, there was no difference in the number of trials performed per session for animals receiving either 1.7 or 3.2 mg/kg/day cocaine as compared to animals treated with vehicle. Neither SIV infection nor cocaine treatment had any influence on performance of the SRT task in terms of psychomotor speed (release latency) or accuracy (percent correct; Fig. 6b, c) .
Cocaine reduced latency in a BMS task Performance of the bimanual motor skills (BMS) task was impaired following SIV infection in terms of both time to retrieve all 15 reinforcers (latency; Fig. 7a ; p=0.018) and the number of reinforcers dropped ( Fig. 7b; p=0.044 ) during the test. Macaques administered 3.2 mg/kg/day of Fig. 1 Effects of cocaine and SIV on peripheral blood CD4+ (a) and CD8+ (b) cell counts following SIV inoculation. Chronic cocaine administration did not alter CD4+ T cell counts during infection. CD8+ T cell counts in animals treated with the higher dose of cocaine were significantly lower at day 14 p.i. (*p=0.030) and they were close to significantly lower at day 84 (^p=0.057) Fig. 2 Effects of cocaine on viral load following SIV inoculation. Log plasma (a) and CSF (b) SIV RNA. a Cocaine at either dose did not alter plasma vRNA levels. b At day 84 p.i., macaques dosed with 3.2 mg/kg/ day cocaine had significantly higher CSF vRNA (+p<0.044) and macaques dosed with 1.7 mg/kg/day cocaine had significantly lower CSF vRNA (*p<0.044) than vehicle controls. At day 112 p.i., macaques dosed with 1.7 mg/kg/day cocaine again had significantly lower CSF vRNA than vehicle controls (^p<0.030). There were no significant differences in the levels of SIV RNA (c) or viral gp41 (d) protein in the basal ganglia between any of the three groups of macaques cocaine also had significantly increased latency compared to vehicle controls (p=0.026). Macaques treated with 3.2 mg/kg/day of cocaine also had more drops in the terminal phase than animals treated with vehicle, although this was not significant. These results indicate that fine motor control was impaired in slowing speed (latency) and coordination (drops) as a result of the higher dose of cocaine.
Individual associations
Linear regressions were performed to determine any potential relationships between terminal behavioral performance and measures associated with SIV infection. Similar to previous reports (Weed et al. 2003) , there was a significant correlation between impairment on the BMS task and APP accumulation in the corpus collosum (r 2 =0.45; p=0.012). There was also a strong correlation between impairment in BMS performance and increases in CSF CCL2 (r 2 =0.66; p=0.0008). No significant correlations were found between APP and CCL2 with performance in the SRT task or with general locomotor activity.
Discussion
Using our SIV/macaque model of AIDS and HIV-induced neurological disease, this study demonstrated that chronic administration of cocaine at doses that effected behavioral changes produced only minor changes in viral parameters, CNS inflammation and neurodegeneration, and cognitive/ motor tests. Specifically, there were occasional, inconsistent changes in CD8+ T cell counts, CSF viral load, and motor function as measured by a BMS task. In contrast, there were no significant differences in peripheral blood CD4+ T cell counts; plasma viral loads; CSF CCL2 or IL-6 levels; brain viral RNA or protein levels; IFNβ, MxA, CCL2, IL-6, TNFα, IFNγ, or IDO mRNA levels in the brain; levels of APP in the brain; severity of encephalitis; levels of dopamine and its metabolites; or behavior as measured by SRT.
A series of studies by Kantak and colleagues demonstrated similar cognitive impairment in rats exposed to chronic cocaine as in human cocaine abusers (Black et al. Fig. 5 Effects of SIV and cocaine on CNS encephalitis severity. There were no significant differences in severity of encephalitis between any of the groups of macaques. CNS sections were examined microscopically in a blinded fashion by two pathologists and lesion severity was measured using a semiquantitative system. Nonparametric analyses were used to compare groups Fig. 4 Effects of cocaine on survival following SIV inoculation. There were no significant differences between groups in time to death after inoculation with SIV. However, these studies were not powered to detect significant differences in survival Fig. 3 Effects of cocaine on CSF CCL2 and IL-6 protein levels. CCL2 (a) and IL-6 (b) protein levels were quantitated by ELISA on days 14 and 28 and every 28 days thereafter. Repeated-measures ANOVAs were performed. There were no differences between cocaine-treated and vehicle-treated macaques. Apparent differences during late stage infection represent levels of CCL2 or IL-6 in only one or two macaques remaining alive 2004; Udo et al. 2004; Kantak et al. 2005) . Fewer studies have investigated the cognitive or motor effects of chronic cocaine administration in nonhuman primate models. Acutely, self-administered cocaine impairs learning more than performance in the repeated acquisition assay in monkeys; and noncontingent cocaine impairs learning more than short-term memory or attention (Evans and Wenger 1992; Paule et al. 1998; Winsauer et al. 2000) . Cocaine exposure in utero may lead to cognitive impairment in selective domains such as attention or behavioral plasticity later in life, including adulthood, in animal models (Heyser et al. 1990; Spear et al. 1998; Chelonis et al. 2003; Gendle et al. 2004; Harvey 2004; Paule 2005) . While this remains an understudied area, overall the cognitive effects of chronic cocaine in animal models appear similar to the cognitive impairments in human cocaine abusers.
Other studies have shown that cocaine use is associated with alterations in immune components, including NK, CD4+, and CD8+ cells (Baldwin et al. 1998; Xu et al. 1998) . In this study, chronic cocaine administration for 12 weeks prior to SIV inoculation produced a 27% reduction in CD4+ T cells in blood from monkeys in the 3.2 mg/kg/day group, but no changes in the numbers of CD8+ T cells (data not shown). These results suggest a moderate immune system suppression following chronic cocaine administration. Thus, our finding of no difference in immunologic and viral parameters and disease progression in cocaine-treated animals as compared to untreated animals was unexpected. It is possible that the CD4+ T cell count changes as a result of cocaine administration were modest enough as to not affect progression of disease once the animals were infected. It is hard to determine the Fig. 6 Effects of cocaine on simple reaction time performance in SIV-infected macaques. While SIV infection reduced the number of trials (a), cocaine had no effects on SRT performance in the SIV-infected animals. Effects of cocaine and SIV on SRT performance were assessed by number of trials performed per session (a), psychomotor speed/release latency (b), and accuracy/percent correct (c) Fig. 7 Bimanual motor skills task performance. Cocaine administered at the higher dose (3.2 mg/kg/day) were significantly slower to retrieve all 15 reinforcers and had a tendency to drop more reinforcers. The effect of cocaine and SIV were assessed by latency (a) and the number of reinforcers dropped (b) in the BMS task potential effect of our finding of significantly lower CD8+ T cell counts at days 14 and 84 p.i. in the animals treated with the higher dose of cocaine. These animals also had a shorter survival time, although this was not statistically significant, potentially because of the low number of animals in each group. Further, there were no differences between the treatment groups in plasma SIV RNA levels.
There certainly were only minimal effects of cocaine on manifestations in the CNS. The 1.7 mg/kg/day treatment group showed significantly decreased CSF SIV RNA at days 84 and 112 p.i., and the 3.2 mg/kg/ day treatment groups had significantly higher CSF SIV RNA at day 84 p.i. Nonetheless, overall, changes in CSF RNA were not overwhelming, nor were they reflected in alterations in CNS virus replication, CNS lesion severity, or CNS inflammation.
Behaviorally, cocaine treatment significantly exacerbated the known SIV-induced impairment in fine motor control, with decreases in the number of SRT trial performed per session at terminal infection among cocaine-treated animals. The results of the present study are also consistent with studies in the SCID-HIV model of AIDS, which indicated that cocaine did not exacerbate known motor and cognitive impairments caused by HIV (Griffin et al. 2007 ). As reported previously, there was a significant correlation between impairment on the BMS task and APP accumulation in the corpus collosum (Weed et al. 2003) .
Cocaine treatment had no significant effects on SIVinduced changes on APP levels, CSF or plasma SIV RNA levels, or viral antigen in the CNS. There were also no observed differences in basal ganglia IFNβ, MxA, CCL2, IL-6, TNFα, IFNγ, and IDO mRNA levels. Cocaine administration did not exacerbate SIV's impairment of reaction time performance or SIV's reduction of gross locomotor activity.
While these studies were not powered to detect survival differences between the treatment arms, there was a trend to decreased survival among animals treated with cocaine at a dose of 3.2 mg/kg/day as compared to untreated animals or those treated with 1.7 mg/kg/day cocaine. There were no long-term nonprogressors in the 3.2 mg/kg/day cocaine group, and no animal in the 3.2 mg/kg group survived past 24 weeks. Mortality after chronic exposure would be unexpected with these doses (Woolverton and Kleven 1988; Farfel et al. 1992; Kleven and Woolverton 1996) .
There has been much speculation as to the effects of cocaine on HIV disease progression. Data from epidemiological studies have been mixed and have not resolved the question of how cocaine use impacts HIV/AIDS (Tyor and Middaugh 1999) . Laboratory studies have reported that cocaine may alter immune processes involved in progression of HIV or SIV disease (Fiala et al. 1998) . It is important to note that inconsistent or "binge" exposure to drugs often has more deleterious effects than the consistent exposure used in this experiment. However, clinical epidemiological and preclinical studies in whole-organism models such as this study and the SCID-HIV model suggest that cocaine has only modest effects on the progression of animal models of HIV/AIDS.
